Muscle blood flov remained unchanged during pro'longed exercise when pigs were cooled by skin wetting and a fan. This muscle blood flov response was comparable to that of humans exercising under similar conditions. The effect of temperature on this response i's uncertain-since both increases and decreases in muscle blood flow have been reported during thermal stress.
SUMMART
Muscle blood flov remained unchanged during pro'longed exercise when pigs were cooled by skin wetting and a fan. This muscle blood flov response was comparable to that of humans exercising under similar conditions. The effect of temperature on this response i's uncertain-since both increases and decreases in muscle blood flow have been reported during thermal stress.
Svine were similar to humans in regulatinj blood flow distribution during prolonged exercise.
Cardiovascular drift in swine differs from that in humans due to difference in temperature regulation, posture and maintenance of central blood volume. The upward drift in heart rate and cardiac output -during prolonged exercise was probably the result of increasing skin blood flow and sympathetic drive. Upward drift in oxygen consumption in animals has not been well demonstrated, but our results tend to support the known contributing factors in humans.' Further work is needed to determine the role of temperature and exercise intensity on the mu.cle blood flow response to prolonged exercise. Previous studies in rats and miniature swine have suggested that muscle blood flow progressively increases over time during prolonged treadmill exercise (3, 4, 23) . Cardiac output matched this progressive time dependent response for the swine (3). In contrast, humans have exhibited a relatively constant muscle blood flow (1) and cardiac outpult (9) when exercising in a thermoneutral environment at a fixed intensity.
These contrasting findings may be partially attributed to differences in natural capacity fox thermoregulation.
Core temperature has been shown to increase in proportion to the duration and intensity of exercise and the environmental heat load in humans (29, 32) .
Blood flow was redistributed to the skin during prolonged exercise to support heat loss by sweating (32) . This resulted in a cardiovascular drift (CVD) that has been described as a progressive decline In central blood volume, stroke volume and mean arterial pressure along with an upward drift in heart ,ate (5-15%), and an unchanged cardiac output (9) . Thermoregulatory' mechanisms associated with CVD resulted in a modest upward drift in core temperature (1-1.5°C) that reached a plateau after 30 minutes of exercise (9, 29) .
In contrast, non-sweating animals .lave limited avenues for heat dissipation during exercise. This has been demonstrated by the-marked increases in core temperature that have occurred during prolonged exercise in both rats and pigs (3, 12) . In pigs, a progressive 2.5 0 C increase in colonic temperatuLe during '30 minutes of treadmill exercise was associated with 25% (62 b-min-I) and 22% increases in heart late and cardiac output, respectively (3) . These results describe the greater thermal and cardiovascular stress and characteristically different CVD during exercise for the pig compared to humans. Furthermore, cooling miniature swine by skin wetting and a fan has limited the increases in core temperature and heart rate during prolonged runs of up to five hours in duration (26) . These observations suggest that increases in core temperature were a principle determinant of the increases in cardiac output and muscle blood flow durinR prolonged exercise in s'.,inf (3) . A suggestion that contradicts reports on -heep (5) and human, (32).
Therefore, the ptupose of this in'.,estigation ,as to furthe, e',,.mine ih,-role of cote temperaturp in the e~tttlation of central h..r;odv irni c: iI regi on•.m 1)lood flow during prolonged oxviei .
Thiz stud" d c,, ed on 3 muscleblood flow responses to prolonged treadmill exercise.
A more detailed description of splanchnic blood flow responses has been presented in a separate publication (13) . The appropriate training intensity was maintained by weekly heart rate monitoring and adjustment of the treadmill workload to correct for tra.ning adaptations.
METHODS
Animals were cooled with a fan and water spray throughout the training runs.
Prior to surgery, duplicate MXTs were conducted on separate days to ascertain the efficts of training. Post-surgery, animals were permitted to recover four to five days before initiating a re-trainlng protocol. Re-training began with 10 minutes of slow walking and progressed to 30 minutes of regular training after wee" one.
The 60 minute duration was achieved by the end of week two and continued into week three. In two animals, microspheres were injected into the aortic root (22) . Flow data for the heart, lungs and organs cranial to the aortic injectiun site were excluded due to poor microsphere distribution in Blood gaseq and pH were measured on a Radiometer ABL3 and corrected for porcine blood (37). Total body oxygen consumption was derived from the Fick * equation using the arterial and mixed venous oxygen contents and cardiac output measurements. Plasma glucose and lactate were measured on a YSI Model 23L glucose/ lactate analyzer. Since dietary manipulation altered blood glucose and lactate concentrations during exercise in two animals, their glucose and lactate data were not included in the analysis.
Statistical Analysis. Paired comparisons were performed using Student's t test. Repeated measures analysis of variance was used for multiple comparisons during the prolonged runs (8) .
Post hoc comparisons were conducted using Tukeys procedure (38) .
Multiple regression analysis was performed to identify variables contributing to the variance in the dependent variable. Values are presented as the Mean+Standard Error of the Mean.
The minimum level of significance was set at .05 for all comparisons.
RESLTS Exercise Training Responses.
Following surgery and retraining, heart rates at two standard submaximal workloads were reduced by 35 and 38 b-min- These training adaptations enabled the eight animals to run at 65% of the heart rate reserve for 98 + 7 minutes during the prolonged runs.
Hcs. Cardiac output, heart rate (HR), and mean arterial pressure (MAP) increased and systemic vascular resirtance decreased when all exercise means were compared to rest (Table 1, Figure 1) . Stroke volume did not change from rest to end exercise.
Cardiac output and heart rate increased and systemic vascular resistance decreased from 5' min to the 60 min and end exercise time points. Mean arterial piessure increased from rest but did not change during the exercise bout.
The rate pressure product (HR x MAP) at 60 min was elevated above the 5 min value. Arterial-mixed venous oxygen difference decreased during exercise but only end exercise was signifJcantly lower than the 5 min value (-.9 vol%). Regional Blood Plow. Brain blood flow was unchanged, while blood flow to lungs, heart and adrenal gland increased from rest to exercise (Table Z) .
However, the small number for these organs limited statistical inferences.
Right and left kidney blood fiows were not altered until end exercise when flow became significantly lower than the rest, 5 min and 30 min time points.
Total gastrointestinal blood flow was riduced by 50Z from rest to exercise.
This repres' .ted a change from 22Z of total cardiac output at re3t to 5X of total cardiac output at 5 min exercise. Total gastrointestinal blood flow was then unchanged throughout the exercise bout., 
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DISCUSSION
Muscle Blood Flov. Hindlimb muscle blood flow remained constant during 100i minutes of treadmill exercise. These findings support observations on humans (1) but contradict previous reports for pigs (3, 4) and rats (23). Men exercising at comparable intensity (58% VO max), exhibited a constant blood flow to the legs from 40 to 120 minutes o! bicycle exercise (1). Systemic and leg oxygen consumption and heart rate (+7 b'min )w'ere unchanged during *this sam'! periodi, while body temperatures ,,ere not measured. with responses under thersoneutral conditions. However, it is important to note that the sheep (5) were exercising at lover cc-e temperatures and lower relative intensities than the pigs (3).
In addition, the pigs in the current study were exercise trained, whereas in previous reports neither the pigs or rats (3,23) wereexercise trained.
It is possible that repeated exercise and the consequent elevations of core temperature elicits an adaptive response which effectively incieases the cooling efficiency of' the exercising animal. This adaptive response could include: a coincident decrease in muscle hyperemia and an increase in skin hyperemla to facilitate heai dispersal, an increase in the threshold temperature at which muscle blood flow begins to increase, or a combination of these adaptations. Reflex increases in muscle blood flow in the face of severe hyperthermia may contribute to the hypotension which develops in humans during athletic events (39) .
Therefore, the effects of core temperature on muscle blood fiow during prolonged exercise remains unclear. Although species differences may be responsible for the divergent blood flow rc-oonses, relative heat stress and exercise intensity may be more significant determinants of the observed differences. The pigs were exercised a, higher core temperatures and higher relative intensities than the sheep (3, 5) . Yet, muscle blood flow ýas increased progressively in the pigs and decreased in the sheep. Our cooling procedures elicited a muscle blood flow response similar to. that of humans exercising at a moderate intensity (58% VO 2 max) in a neutral environment (29, 32) . Further work is needed to determine the relationship between hyperthermia and exercise intensity on the muscle blood flow response to pronrmcId exercise.
14 Regional Blood Flov.
Regional blood flows were drawatically altered with the onset of exercise but tended to plateau and remain constant throughout the exercise bout. In general, the responses were similar to previous reports for exercising sw ne (2,3). The reduction in kidney blood flow at end exercise was similar o that noted at end exercise in two pigs run to exhaustion at 60Z VO 2 max (,). This response was consistent with an increased sympathetic drive since kidney blood flow was shown to be inversely proportional to heart rate during exercise (32) and catecholamines increased progressively during prolonged exercise (11,30). Notably, heart rete drifted upward to end exercise in the present study.
Gastrointestinal (GI) blood flow decreased by 501 from rest and then remained constant throughout the exercist bout. A progressive sympathetic drive could explain the latter change since heart rate increased during this per od. Blood flow distribution has been linked to sympathetic drive in exercising humans (32). This conclusion was based on the linear inverse relati nship observed between heart rate and splanchnic blood flow during exercise. Analysis of our data relating heart rate to total GI blood flow reveal d a similar relationship between either heart rate or cardiac output and tota GI blood flow. In addition, unpublished observations have indicated that ýhe interval between 30 and 60 minuter of exercise.
was a critical time for thdrmal and cardiovasculir regulation in our exercising swine model. Core temperature reached a peak and then plateaued or declined during this period.
The relatively consta t regional blood flows and arterial-mixed venous oxygen differences we obs rved suggest that little redistribution of blood flow was occurr!ng during ýrolonged exercise. However, the increase in heart rate and 'cardiac output alter a plateau in core temperature at 30 minutes "probably reflected increased subcutaneous and skin blood flow Oince ,ýI-n cooling was effective in maintaining a thermal equilibrium. Ti,is i! suppotted by Armstrong et al. (3)ý who reported an increase in skin blood tiow and a 6 fold increase in blood flow to subdermal fat. Although pigs cannot dissipate heat by sweating, we have observed marked skin erythema and elevations in skin temperature when pigs exercise in a neutral environnment. Heat stress limited the duration of moderate exercise in a neutral environment unless the animal was cooled by frequent skin wetting and a fan (26) .
This cooling procedure elicited a core temperature response similar to humans (29, 32) .
Several problems exist in determining where the Additional cardiac output was distributed during prolonged exercise.
We were unable to trap enough 15 micron microspheres to accurately measure skir blood flow when the skin was cooled with water (18) .
Hovever,.th2 elevated lung blood flows at 30 minutes and at end-exercise were indicative of increased shunt blood flow (3) . The anastomotic vasculature of the skin would'promote such shunting (6), pa::ticularly' when elevated temperature elicits vasodilation (6, 15) .
Thus, reported values for skin blood flow were likely gross underestimations of true flow in exercising swine (3) .
A similar shunting problem exists in determining whether blood flow increased to tissues that can dissipate heat through panting (3). , In contrast to dogs, panting has proven to be, an inadequate means of heat dissipation in pigs. This is somewhat surprising because a well developed carotid rete has been described for the pig (25) .
Finally, subtle changes in blood flow, not reflected by arterial-mixed venous oxygen differences nor detected by microsphere techniques, may have occurred in several organs to account for the increased cardiac output and potential redistribution.
Hemodynamics and Cardiovascular Drift (CVP). During prolonged exercise swine have exhibited a CVD with characteristics different from that of humans (2, 3, 4, 9, 32, 35) .
In a neutral' envirdnment (200C), CVD in humans has been described as a downward drift in central venous pressure, stroke volume, pulmonary and systemic arterial pressure resultant from decreased central blood volume, while a compensatory increase In heart rate maintained i ielatively constant cardiac output (9, 32, 35) . Sympathqtic activity contributed to this response since catecholamines were positively correlated to heart rate drift during prolonged exercise (11, 30) .
Most evidence has, indicated that CVD in humans results from the peripheral redistribution of blood flow to the skin for heat dissipation rather than a redtiction i,:
cardiac function (28,32).
In contrast, our results for swine demonstrated an increase in cardiac output after 0 rinutes of exercise, while stroke volume and mean arterial pressure were unchanged throughout the 100 minute exercise period.
Comparable da~a were 'cported for pigs exercised for 30 minutes at 70% VO 2 max in a neutrrl environment (3) . Heart rate and cardiac output significantly increased between 5 and 30 minutes of exercise, but stroke volumes, derived from the mean cardiac outputs and heirt rates, did not change. Surprisingly, the relatively large drop in mean arterial pressure betveen 5 and 30 minutes (-11 mmHg) was not statistically significant. Although stroke volume did not change, a reduced mean arterial pressure would be consistent with the human response that follows reductions in central blood volume ind elevations in skin blood flow to dissipate heat (9, 32) .
In addition, sympathetic activity may be an important CVD factor in swine since marked increases in catecholamines were observed during prolongcd submaximal exercise (unpublished observations).
These animal studies support observations on humans which. suggest the magnitude of CVD is a function of the, relative exercise intensity (9, 33, 35 ).
Our observations of stable regional blood flows during prolonged exercise, suggest that CVD in swine results from an additive thermal effect, since oxygen consumption, stroke volume and mean arterial pressure were unchanged throughout the exercise bout (Tables 2 and 3) . This hypothesized thermal effect is supported by others (3) who reported that marked increases in heart rate And cardiac output corresponded to large elevations in colonic temperature. Mean values from their data reiealed correlation coefficients of 0.95 and 0.99 fcr colonic temperature and heart rate and for colonic temperature and cardiac output, respectively. The increased cardiac output was directed to vasodilated skin and skeletal muscle in pigs exercising at the higher intensities and temperatures (3), whereas the skin was the 'probable target of increased flow in our animals.
Several differences exist between pigs and humans that may account for the discrepancies in CVD.
Central blood volume appears more difficult to maintain during exercise in humans than swine. Quadrupeds have 70% of their blood volume at or above heart level, while humans have 70% below the heart (31). Thus, central hemodynamics should be less effected by peripheral redistribution of a portion of the blood volume. In humans, thle e-sential elevation in cutaneous blood flow to dissipate heat by sveatirg (32).
17
(5 decreases venous return and central lood volume, resulting in a reduced stroke volume (9, 32) . Fluid losses by sweating can oxacerba~e this loss of blood volume. In contrast, increased blood flow to the skin, carotid rete and active muscle do not appear to c mpromise the central blood volume in swine.
Humans exercising in an upr ght posture also experience greater hydrostatic pressure on their capaciti ce vessels 'resulting in a decreased venous return and stroke volume (31) . 1drthermore, splenic contraction could maintain total blood volume by count racting losses in plasma volume and reductions in central blood volume du4 to increased skin and muscle blood flow (27) . Finally, higher circulating catecholamines in swine may elicit a greater heart rate drift during prolon ed exercise.
This would veoduce the increase in cardiac output, since strokl volume and presumably central blood volume were maintained throughout exerc se.
In addition, an upward drift in oxygen consumption (UDO) during sustained exercise was not clearly demonstrated in our results or in the study of Armstrong et al (3) . We observed only a 5% increase in oxygen consumption (VO2), whi' . the swine used by Armstrorg et al (3) exhibited a 1OX increase in V0 2 during the exercise bout. These Values were low compared to the range of 6 to 25Z UDO reported for humans exer ising In a neutral environment (7,9, 10,14,35).
However, the results for s ine generally support the importance of relative exercise intensity and bod temperature in determining UDO in humans.
A greater UDO for the swine used by Armstrong et al (3) was consistent with a higher relative intensity a~d a higher body temperature than for our animals.
Other factors which ha e been implicated in UDO include: increased work of breathing, decreased respiratory txchange ratio, and increased bloon levels of catecholamins and lactate (7, 10, 14, 35) . Blood lactate and pH were unchanged throughoui the exercise bout in our study and An the study of Armstrong et al. (3) .
The constant pH reflected the compensatory respiratory alkalosis known to ccur in exercising pigs (17) .
However, a potential role for circulating catecholamines in the modest UDO in swine cannot be discounted.
Therefore, "cardiovtscular drift" reflects an additive thermal effect superimposed on the n-tabolic demands o exercise. In swine, stroke volume and central blood volume are maintained, while a thermal vasodilation in skin and/or active muscle drives cardiac output and heart rate to higher V;alues to maintain a constant blood pressure.
fn humans, central blood rolume and 18 stroke volume are reduced with the increase in skin blood flov and a compensatory increase in heart rate maintains a constant cardiac output. Exercise intensity and thermal stress interact to determine the magnitude of the CVD. ,ardiovascular, metabolic and thernoregulatory responses-were studied in eight male minia-1 ktur' swine during a prolonged treadmill run. Each animal underwent 8 to 10 weeks of exercise training, thoracic surgery and three weeks of retraining prior to the experimental run. This regimen enabled the animals to run at 65% of the heart rate range (-1 2--nnZ..for approximately 100 minutes. Skint wettinig and a fan were used to cool the pigs during the run.
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5 Regional blood flow was stignificantly altered with the onset of exercise; however, hindlimb muscle and total gastrointestinal blood flow were unchanged throughout the exercise periodCompared with five minute values, heart rate and cardiac output Iwere significant ly elevatedb y 1) b -min-J and 31 ml -mn:
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